substrates, pyrite and elemental sulfur, was determined by laser Doppler velocimetry under physiological conditions. These measurements indicated that electrostatic interactions did not provide part of the driving force for adherence to either insoluble substrate, rather the net surface charge on the bacterium was such as to minimize charge repulsive forces in its interations with the negatively-charged mineral surfaces.
The electrophoretic mobility of Acidithiobacillus ferrooxidans with and without its insoluble 0 Blake 11, R.C., Lyles, M.M., and Simmons, R.C. (1995) "Morphological and physical aspects of attachment of Thiobacillus ferrooxidans to pyrite and sulhr", in Biohydrometallurgical Processing (T. Vargas, C.A. Jerez, J.V. Wiertz, and H. Toledo, Eds.) University of Chile, Santiago, Chile, pp. 13-22
The adherence of Ac. ferrooxidans to the surface of colloidal sulfur was observed directly in a video-enhanced light microscope. Individual planktonic cells were purposefully deposited adjacent to the sulfur surface using a laser-powered optical trap (LaserTweezers). Ac. ferrooxidans was observed to adhere to colloidal s u l k with an average force of 3.8 picoNewtons.
0 Sampson,'M.I., and Blake, 11, R.C. (1999) "The cell attachment and oxygen consumption of two strains of Thiobacillus ferrooxidans", Minerals Engineering 12,67 1-686 selected sulfide minerals was studied by electrical impedance and contact angle measurements.
Although both strains can be traced to the same culture over thirty years ago, this particular DSM strain had been cultured and maintained exclusively on arsenopyrite for the last 15 years. Both types of cells were cultured on each of three autotrophic growth substrates: soluble ferrous
The adhesion of Ac. ferrooxidans ATCC 23270 and Ac. ferrooxidans DSM 583 to sulfate; elemental sulfur; and a chalcopyrite concentrate. The degree of adhesion of each cell type was studied on each of three sulfide mineral surfaces: pyrite; sulfur; and an arsenopyrite concentrate. While both mesophilic bacteria cultured on sulfur exhibited greater hydrophobicity than those cultured on soluble iron or chalcopyrite, the cells grown on iron or chalcopyrite adhered to a greater extent on all 3 mineral surfaces. Thus, hydrophobicity did not appear to be the major driving force for the adhesion of either bacterium to sulfide minerals. Strain DSM 583 exhibited a much greater affinity for the arsenopyrite concentrate (nearly equal to that displayed by the same organism for pyrite) than did strain ATCC 23270. This observation supported the hypothesis that the DSM strain had undergone a permanent adaptation to arsenopyrite . Bacterial adhesion studies similar to those outlined above were also conducted with four moderately thermophilic strains: Sulfobacillus thermosulfidooxidans strain TH 1 ; and three strains of Sulfobacillus acidophilus (THWX, ALV, and YTF 1). Each bacterium was grown autotrophically on the same three substrates listed in the preceding manuscript, and the adhesion of each culture was subsequently studied on pyrite, colloidal sulfur, and an arsenopyrite concentrate. Unlike the mesophilic bacteria, each moderately thermophilic bacterium exhibited greater attachment to each of the mineral sulfides when cultured on either the chalcopyrite concentrate or the elemental sulfur. The mechanism of adhesion of the thermophilic bacteria surveyed herein thus appeared to be different from that exhibited by the mesophilic bacteria. All of the thermophilic bacteria investigated herein demonstrated greater adhesion to the pyrite and arsenopyrite concentrate samples than to the chalcopyrite concentrate sample. These data were combined with corresponding data on the oxidation of mineral sulfides by the same.
B.2.
Highlights of the results obtained in the pursuit of specific aim #2 were published in 2 manuscripts, as follows: 0 Sugio, T., Uemura, S., Makino, I., Iwahori, I., Tano, T., and Blake 11, R.C. (1994) "Sensitivity of iron-oxidizing bacteria, Thiobacillus ferrooxidans and Leptospirillum ferrooxidans, to bisulfite ion", Appl. Environ. Microbiol. 60,722-725 iron in the presence of bisulfite ion was documented. Efforts were described to assay and identify enzymes that would catalyze the chemical transformation of bisulfite.
The inability of either organism to grow at the expense of aerobic respiration on soluble 0 Sugio, T., Kanao, T., Furukawa, H., Nagawawa, T., and Blake 11, R.C. (1996) "Isolation and identification of an iron-oxidizing bacterium which can grow on tetrathionate medium and the properties of a tetrathionate-decomposing enzyme isolated fiom the bacterium", J. Ferment.
Bioengineer. 82,233-238
A new mesophilic strain that could respire aerobically on either soluble iron or tetrathionate was isolated fiom an abandoned copper mine in Japan. An enzyme that catalyzed the hydrolysis of tetrathionage was identified and partially purified from cell-free extracts of the bacterium cultured autotrophically on tetrathioate. An enzyme that catalyzed the oxidative decomposition of tetrationate into thiosulfate and sulfate was purified to electrophoretic homogeneity fiom plasma membrane extracts of Ac. ferrooxidans grown on tetrationate as the sole energy source. Sodium dodecyl sulfate polyacrylamide gel electrophoresis under reducing conditions revealed a single polypeptide chain of about 50,000 daltons. A more precise determination of the molecular weight was obtained by liquid chromatography coupled with electrospray mass spectrometry. The deconvoluted mass spectrum for the neutral polypeptide comprised a single major peak at 49,600 daltons. The molecular weight of the intact enzyme was determined by Rayleigh light scattering analysis on a Dawn DSP laser photometer equipped with multiple detectors. Extrapolation of the light-scattering data to zero angle and zero concentration of protein yielded a molecular weight of the native enzyme of around 50,000 daltons, indicating that the native enzyme functions as a monomer.
The enzyme activity had a pH optimum of 3.5 (as befits an enzyme that faces outside the cell toward the acid milieu of these obligate acidophiles) and a temperature optimum of 50" C. The activity was stimulated 15-fold by 200 mM sulfate. The Michaelis constant for tetrathionate was 0.73 mM. The reduced enzyme served to reduce a C-type cytochrome in the plasma membranes of Ac. ferrooxidans that were grown on tetrationate, but not the cytochromes c found in cells grown autotrophically on ferrous iron as the sole source of energy.
C. 2. Tetrathionate oxidase fiom l%iobacillus neapolitanus
An enzyme that catalyzed the oxidative decomposition of two moles of thiosulfate into one mole of tetrationate was purified to electrophoretic homogeneity from cell-free extracts of Thiobacillus neupolitanus grown on thiosulfate as the sole energy source. Sodium dodecyl sulfate polyacrylamide gel electrophoresis of the purified protein under reducing conditions revealed approximately equal amounts of two polypeptide chains of about 20,000 and 23,000 daltons. A more precise determination of the molecular weight of each subunit was obtained by liquid chromatography coupled with electrospray mass spectrometry. The deconvoluted mass spectrum for the neutral polypeptides were 20,671 and 23,828 daltons, respectively. The molecular weight of the intact enzyme was determined by Rayleigh light scattering analysis on a Dawn DSP laser photometer equipped with multiple detectors. Extrapolation of the light-scattering data to zero angle and zero concentration of protein yielded a molecular weight of the native enzyme of around 97,000 daltons, indicating that the native enzyme bctions as a tetramer.
The enzyme activity had a pH optimum of 7.5 (as befits an enzyme that faces outside the cell in an obligate neutraphile) and a temperature optimum of 30' C . The activity was unaffected by excess sulfate. The Michaelis constant for thiosulfate was 2.8 ph4 when excess ferricyanide served as the ultimate electron acceptor. The physiological electron acceptor for this protein was not identified.
C. 3. Kinetic studies on rhodanese
An initial velocity and stopped flow spectrophotometric investigation of the sulfurtransfer reactions catalyzed by purified rhodanese was conducted with several novel chromogenic and fluorimetric substrates synthesized for the occasion. Rhodanese catalyzes the transfer of the outer sulfur atom of an organic thiosulfonate to a corresponding organic thiosulfinate, as follows:
where R can represent a hydrogen atom or any of a variety of alkyl or aryl hydrocarbons. For each thiosulfonate/thiosulfinate conjugate pair (where R=R'), the following kinetic experiments were performed: a. The equilibrium constant for the interaction of each conjugate pair with the rhodanese was determined by steady state absorbance and (where applicable) fluorescence spectroscopy.
b. The individual rate constants for the transfer of sulfur from each thiosulfonate to the free enzyme and the transfer of sulfur from the enzyme-sulfur complex to each thiosulfinate were determined by stopped-flow spectrofluorometry.
c. Steady-state kinetic studies (using both fluorescence and absorbance spectroscopy) were conducted to show that the rate constants assigned to the transient enzyme species from the stopped-flow experiments agreed with the numerical values for the steady-state kinetic coefficients.
As a result of the kinetic experiments outlined above, a comprehensive table of equilibrium and rate data regarding rhodanese-catalyzed sulfur transfer was compiled. The Marcus theory of group transfer was successfully applied to this set of equilibria and rate data to demonstrate that the rates of sulfur transfer reactions within the active site of the enzyme were determined solely by the inherent reactivity of the sulfur donors and acceptors and that proteindependent activation requirements exerted no influence whatsoever. A manuscript entitled "Application of Marcus theory to sulfur transfer reactions catalyzed by rhodanese" is in preparation.
C.4. Structural studies on APS reductase
APS reductase was purified to electrophoretic homogeneity from cell-free extracts of Thiobacillus denitrifcans by a novel one-step column chromatographic separation with immobilized Cibacron Blue F3GA dye. Affinity elution of the purified protein from the dyeligand support was accomplished with a gradient of AMP, one of the enzyme's substrates. Sodium dodecyl sulfate polyacrylamide gel electrophoresis under reducing conditions revealed that the purified protein contained both large and small subunits of approximately 70,000 and 18,000 daltons, respectively. Densitometric analyses of the Coomassie Blue-stained gels indicated the there were three large subunits for every small subunit. A more precise determination of the molecular weight of each subunit was obtained by liquid chromatography coupled with electrospray mass spectrometry in collaboration with Dr. Jack Shively at the City of Hope, Duarte, CA. When positive-ion electrospray mass spectrometry was conducted on the large and small subunits of the APS reductase, multiply-charged ions were observed with each. The deconvoluted spectra for the neutral polypeptides indicated that the peaks obtained with both subunits were rather broad and complex, indicating a mixture of polypeptides. The small mass differences could derive from methionine oxidation, missing N-or C-terminal amino acids due to proteolytic activity during preparation, or posttranslational modification of part of the sample.
The molecular weight of the intact enzyme was determined by Rayleigh light scattering analysis on a Dawn DSP laser photometer equipped with multiple detectors. Construction of a Debye plot using 5 concentrations of the native APS reductase, and exprapolation of the data to zero angle and concentration yielded a molecular weight of the native enzyme of around 240,000 daltons, a value very close to that anticipated for a tetramer composed of three large and one small subunits.
C.5. Functional studies on APS reductase
The enzyme readily catalyzed the oxidative condensation of sulfite and AMP to form adenosine 5'-phosphosulfate in the presence of an electron acceptor like ferricyanide. Specificity studies with numerous structural analogs of both substrates identified both alternative substrates (such as GMP for AMP) and competitive inhibitors (such as selenite for sulfite). The steady state kinetic mechanism of the APS reductase was subsequently determined using a combination of initial velocity, product inhibition, and dead-end inhibition kinetic experiments. The initial velocity experiments summarized in Table 1 established that the enzyme followed a Bi Uni Uni Uni Ping Pong kinetic mechanism with sulfite and AMP adding first. The product APS then dissociates, leaving two electrons behind on the enzyme-bound flavin. The oxidized electron acceptor (ferricyanide) then adds and subsequently leaves in the reduced form, completing a single catalytic cycle. Product inhibition experiments summarized in Table 2 established that the order of substrate addition was sulfite binding first followed by AMP. Dead-end inhibition experiments that exploited selenite and adenosine 5'-monosulfate (AMS) as chemically inert substrate analogs of sulfite and AMP, respectively, are summarized in Table 3 . These dead-end inhibition experiments confirmed the order of substrate addition deduced in the product inhibition experiments. Substrate inhibition by both AMP and ferricyanide was observed and characterized. 
